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This docunent reports the results of an investigaticT of in- 
cipient failure detection in ball bearings by means of acous- 
tic nonitoring techniques.    The change of acoustic emanation 
strength with bearing condition was studied to determine if 
changes within the frequency spectrum monitored would mani- 
fest the onset of a bearing failure.    This Investigation 
showed that the acoustic energy emitted from bearings is very 
sensitive to bearing condition and provides a clear indica- 
tion of the onset of bearing failure. 
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The following several pa^es are illustrations which pertain to the 
textual discussion in Section 4.0.    'ihere are tven-cy-six such il- 
lustrations.     'Ihese have been gathered here for two reasons,    r'irstly, 
th»ir logical position within the text itself would be awkward for 
the reader,  since continuity would suffer.    Secondly,  their inclusion 
in the Appendices would be equally confusing, because the Appendices 
contain aore than fifty additional pa^es of plotted raw data. 

Accordingly, ve hope for the readers'  indulgence in referring for- 
ward to this area when any of the illustrations ö^^red here are men- 
tioned in Section U.O.    If reader reaction is adverse,  however, we 
will rearrange these pages at the first revision to the docunent. 
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The detection of incipient failure, in general, is related to a thorough under- 
standing of the basic causes of failure. Detection at an early stage of recog- 
nized evidence that a failure is incipient will allow action to be taken which 
can, in seme cases, prevent the failure frca occurring, and, in ethers allow 
scheduled replacement cf the affected part or ccr.ponent on a convenience basis. 
The full development of an incipient failure detection sub-system and;or concept, 
thus, has the potential cf preventing cany types of failures or of allowing core 
caintenance to be scheduled. The elimination of unscheduled raintenance and the 
elimination of failure itself, to the extent that the detection of incipient 
failure allows this to be done, will increase the reliability of any operational 
system to which these techniques are applied. In this report, which reprerents 
only one of a series, the problem of detecting incipient failures in bearings is 
detailed. 

1.1 Objectives 

It is generally accepted that the acoustic energy emitted by a severe bearing 
failure is frequently quite audible.    However,  severe failures, for the most 
part,  start as minute defects, or incipient failures, and it was the primary ob- 
jective of these experiments to determine if such Incipient failures could be 
discerned by acoustic monitoring. 

A secondary objective was to examine three basic sources of acoustic energy to 
determine which would provide the most reliable indication of trouble.    These 
three sources were (a) rotational frequency energy,   (b) mechanical resonance 
energy, and (c) acoustic emission energy.    The first two sources emit energy in 
fairly well defined frequency ranges, but acoustic emission energy is a very 
broad band phenomenon. 

1.2 Scope 

The bearings utilized for these experiments were S-20UH ball bearings, installed 
in the standard Pope lubricant test apparatus described in Federal Standards 171. 
These tests were run at 5C00 RPM and 10,000 RR-l with the bearings new, with old 
grease, dry, and with small flaws in the inner race,  the outer race, and one 
ball.    The types of acoustic energy emitted from these several conditions were 
analyzed and compared for differences. 

1.3 Method 

The method utilized to evaluate and compare the acoustic energy emitted from the 
various test conditions consisted of examining the energy-frequency relationships 
for each bearing condition. This type of relationship is readily apparent when 
the data is graphed In the power-spectral-denslty (?SD) form. The acoustic 
energy was detected by piezoelectric transducers and recorded on magnetic tape 
for subsequent data processing into the PSD form. The instrumentation system, 
currently available. United the frequency range to approximately ICO kilocycles 

per second. 
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2.0    SLT.-IARY 

Tnese tests indicate that there Is positive correlation between bearing condi- 
tion and the change in emitted acoustic energy.     Tnere is,  as one would expect, 
a ser „: tivity threshold for this method.     Tiiat is,  certain crnall flavs  can bo 
present •■.hich ray not be detected by this method without further rst'inemcnt, 
such as the utilization of soae discrete frequency band which is highly indica- 
tive of flaw occurrence. 

The frequency spectrun of emitted energy was analyzed to determine if the rota- 
tional frequencies and mechanical resonance frequencies would provide positive 
indicators cf flaw presence.    The rotational frequencies  (i.e.  the pulne- 
repetition-f requencies of physical defects) were found to be cf negligible value 
when viewing a wide frequency spectrum of emitted energy, as was done here.     Ro- 
tational frequencies might be usable if different data processing techniques 
were enployed.    The explanation for this is detailed later in this report. 

For these tests,  the most positive indicator of flaw presence appeared to be 
energy in the frequency band from 20 KC to ^ KCo    A low frequency technique 
used with three of the test bearings,  specifically, FM nonitoring between 100 
cycles and 10,000 CF3,  indicated that the overall energy level was the most 
practicable indicator with the FM system. 

3.0    CONCLUSIONS AND RECOf-MSNTlATIONS 

Three sources of acoustic energy related to bearing failure have been examined 
in this test program.    These are (l) rotational noise,   (2) resonant noises of 
the total system, and (3) acoustic emission.    A direct relation exists between 
acoustic emission,  the resonant noise, and the severity of bearing defects. 
The rotational noise energy appears to be distributed across the bandwidth of 
frequencies studied here, namely 100 to 50 KC.    The system predominant reso- 
nances appeared to provide data in three different frequency bands.    In most 
of the tests of  the S-20^H bearing, a blank space existed between 3 KC and 10 KC 
on the spectral density plots.    This space would t^rmit detection of burst type 
acoustic emission, when and if it occurred. 

Direct correlation of severity of defects to amplitude was observed within 
specific bandwidths.    Direct correlation was also observed between severity of 
defects and total noise.    If the resonant and rotational frequencies are trans- 
lated downward to l/l6 (compressed),  the higher resonant frequencies are brought 
within the range of human hearing so that bearing defects can be readily dis- 
tinguished, one from the other.    This was done, using a tape recorder, by record- 
ing at 60 Inches per second and playing back at 3 3A inches per second. 

Our research thus far has shown that bearing defects can be detected prior to 
failure of the bearing.    A prototype piece of test equipment has been built 
which las the capability of monitoring the true RMS energy content within a se- 
lected frequency band.    Once a pre-set limit has been set into this test equip- 
ment, it will Indicate by "go, no-go" lights whether the test article exceeds 
the red-line condition,    V,:e believe that we will be able to detect bearing de- 
fects in the presence of the noise of Jet engines by this method, using the 
resonant rather than the rotational frequencies.    We believe that the employment 
of resonant frequencies to detect incipient failure is our most important pre- 
sent contribution to the detection of such incipient failures. 
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Me  also believe that the use of the acoustic emission pher.or.ena will beccne 
more important with the develcpcent of wider band trnnsriucers and char~c ampli- 
fier systens, '..'e are doin^ a minicuc anount of work in this area. It is 
recommended that this activity be increased and broadened in scope. 

k.o   Dicci'ssior: 

k.l    Technique?  ihiployed 

k.1.1    Test Description 

The equipment used for bearing testing (see Figure A) was a standard Pope Spindle 
described in Federal otancarda 751,  Method ZZ>  »hich ia used for testing lubri- 
cants.    It consisted of a cartridge spindle with a shaft supported by two   -I'-'U 
sir.ed ball bearir.,33,  which in these tests were of  the angular contact variety,   so 
that they could be easily disassembled.    The spindle was belt-driven by an elec- 
tric r.otor at speeds of 5,000 and 10,000 BFiU 

Two distinct series of tests w«re run.    The first series of teats consisted of 
tests cf four S-^OHH "bearlr/53  (".Jos. 1,  2,  3, and 5).    For these bearings,  the 
data was recorded in the direct node (froa 1 KC to 100 KC), and the bearings 
had only one flaw injected into each.    Subsequently, a second series was run 
(bearings k, 6, and 7) with minor flaws first and then with enlarged flaws.    In 
this second series,   it was decided to investigate the intelligence carried in 
the lover frequencies,  so the data was recorded in the F.M mode  (ICO CPS to 
10,000 C?S) in addition to the direct node.    In all conditions  the bearings were 
run at 5000 P3t and 10,000 RPM.    These bearings were all run in the unloaded 
condition. 

The test conditions are detailed below: 

First Series: 

NO. 1 

NEW,  LUDSD.    Bearing was lubricated with JIIL-G-238'c?7 (Aeroshell-7) grease. 
HO LÜ3E.    The "bearing was cleansed of all grease and run completely dry. 
This condition was run only long enough to acquire data;  approxixately 3- 
seconds. 
R3-LLTJ2D.    The bearing was re-lubricated as above. 
PTTTZD TALL.    A fatigue spall was simulated on one ball by etching a snail 
pit in the ball 'with an electric pencil.    The pit was polished to re:r.ove 
any protruding metal. 

i:c. 2 - 

JEW, LU3ED. Same as bearing //l. 
PITTED O'JIZR RACE. A pit was made in the outer race with an electric pen- 
cil. The pit was then polished so that no metal protruded above the race 
surface. 
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NO.   3 

liE'.;,  LL3ED.    Sa=e as bearing ^1. 
OLJ GRI-ASS.     :".-.e cearir.^ ■•.'33  cleaned and re-pac!-:ed with ^ld,   '-.ardenei 
f-JL-L--'7~ll ^--aae vhich had bc-en installed In a Minutsrar. ger.irator 
for tr.ree years. 
wGRIJ CAäJ.    The  ca^e pockets vere enlarged with a file.     The bearing 
vas re-asseaoled and lubricated as in the new  condition. 

«'0. 5 

I.'E./,  LU5ED.     Saus as bearing ^1. 
FITTZD I.'iNSR PAGü.    A pit -..as =ade in the inner race in the sace ranne: 
described for bearing f2 outer race. 

Second Seri; 

HO.   U - 

IffiW,  LUBüD.    Sane as bearin.^ ?1. 
PITTED OUTER FACE.    I'he pit in this race was aade with an S.  S.   .-"hite 
Industrial Abrasive Cutting Unit.    It was found that this method provided 
a better simulation of Incipient spalling than the electric pencil used 
in the first series. 
EIilARGED PIT.    The initial nit was enlarged to approxiaatel/ three times 
its initial sire. 

NO.   5 - 

NEW, LUBSD.    Same as bearing ?1. 
PITTED IIuGd R-.CE.    A small pit was ^ut into the inner race in the same 
manner described above for bearing 3H+. 
EULAB'ED PIT.    The initial pit in the Inner race was enlarged approximately 
three times. 

NO.  7 - 

NEW, LU3ED.    Same as bearing #1 
PITTED BALL.    A small pit was placed in one ball with the S. S. White unit. 
ENLARGED PTT,    The pit in the ball was enlarged approximately three times. 

U.1.2    Inatrunentatlon and Data Processing 

The transducers utilized to pick up the acoustic energy were pieroelectrlc 
crystal transducers which respond to frequencies up to approximately 100 i'C. 
The dynamic response of these transducers is not flat throughout this range. 
For the purposes used here,  the dynamic response curve of the transducers is 
Irrelevant since the data has value only on a comparative basis.    That is,  in- 
cipient failure intelligence is derived from the differences between two F30 
plots, any single PST plot carries practicpJly no Inforiation by itself.    Since 
the dynamic response of these transducers differ free one another, it is im- 
portant to compare only data recorded from the same transducer.    Aa will bo 
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noted fcr thi second aeries of tests, the data ir. the frequency r-.r.;e of cer- 
Inp, betveer. the ?'•' U^ to IC/XO CP3) and the Tirect (1,371 to i: ),:^ ^-.3 ', 
plots dofs not necsscarily appear similar.    This Is to be expected  since 

T-, acditK different trans i'ucera were used to record these tvo t^/pes of iata. 
the state of the art of transducer develcpr:ent is such that an absolute cali- 
bration above ',"70 C.~3 is un.attain,ible. Therefore, the shace of the Po^ curve 
cannot be interpreted as an absolute measure of the bearing energy emission. 
Certain frequency spiher on the PSD plox may rise to a h.i^h amplituis iue either 
to a transducer resonance at that frequency or a high energy emission from the* 
bearing, ilivever, it must be made clear that this "unknown' dees not detract 
from the validity of the data, sine, the plots are used in a comparative sense 
only. A transducer resonance merPxy ser'tis to magnify the presonc; cf emitted 
energy at that frequency and mr.xes comparison that much more significant. 

The transducer signals vere amplified by charge amplifiers and recorded on the 
Ampex FR-13>0 tape recorder at 60 inches per second. These recorain^s were sub- 
sequently operated on by the frequency analyzer to provide the PSD plots. Hie 
F7?-130O tape recorder response at this speed is flat up to nearly 3^3 h'C. The 
response of the charge amplifiers. Dynamics 69-7, were flat up to approximately 
70 ICC. This upper frequency limit explains the apparent "roll-off" on the P3D 
plots around 50 KG end above. 

4.1.3 Data Analysis 

Each bearing appeared to have a unique initial PSD signature, as the variation 
between bearings in the new, lubricated condition shows in Figures 1 through 6. 
This spread in data can be attributed to several factors, the most predominant 
two being actual small structural differences between new bearings, and different 
run-in times before data acquisition. The noise (or acoustic energy) emitted 
from a bearing is normally high when the bearing is initially used, but, as the 
bearing surfaces tend to lap each other, the bearing becomes quieter. Of course, 
as this wearing process transcends the condition cf optinuai parts fit, the noise 
increases again. We,ir-in time is a function of the lubrication, speed, and 
load on the bearing in service. 

The PSD plots for the first series of tests (Bearings 1, 2, 3» and 5) are pre- 
sented In Figures 7 through 14. These Figures show, among other things, that 
the two test conditions of lack of adequate lubrication, specifically T±e 
"no lube" and "old grease'' conditions, result in a general increase cf noise 
level which exceeds the tsaxinum new bearing envelope by a factor of 10) to 300 
times. Such an incipient failure as no lubrication would, indeed, he readily 
detected. These Figures also show the effects of the ai.nor flaws inserted into 
these bearings. In eaoh case, these flaws result in noise Increases which ex- 
ceed the new bearing range limit in certain frequency bands. Tue worn cage 
condition (Figure 9) shews the least lnii«<tion of change of any other condi- 
tion. However, even this condition rianlfests itseif at about 12 KC and UO '■'" 
to 50 KG. It is interesting to note, and Figure 9 ahows this nicely, that the 
overall energy level Is not always a good fault indicator; one should examine 
the emission behavior within discrete frequency bands. In this scries of tests, 
the frequency bands of 1,500 to 3,000 GPS, 10,030 to 15,000 GPS, and 20,COO to 
50,000 GPS appear to be the bands of major significance. In the secorvi sorlos, 
these sane frequency bands carry the predrtminance of fault indication information 
in the direct data. 
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As  roir.ted out earlier, the second test series included sore than a single 
s.T.-ill flaw infection into the test article. Figures 15 throijh 2" ^.re tho di- 
rect data rec.'rded on these bearings. Taese plc-ta show that, in naarl" cvc-r/ 

;ron5 i' ->n ca3e, the first flaw, vhich vas vcr-/ snail, failed to jive a 
when compared to the ry.xir.'.n noise level of the three bearirvs in ■ehe new cun- 
c.itior.,  T.iij effect is attributable to the decrease in ^e.-.eral n^ise Jcvel .-.ue 
to the run-in process, couvled with the fact that these initial flaws were ver"/ 
enall.. After enlar^enent of the flaws approxlnately three tir.es, the data 
ehovp, a ver/ distinct indication of trcuble in ever*/ ease. The low frequency, 

'A,  plots for this series ;7i{3ures 21 to 2S^  sho .- :he sase thing, except 
there are no clear cut frequency bands which T-^nifest the onset of failure. 
The p'/irary purpose for reoordir.^ this low frequency data was to eKoizina the 
possible occurrence of rotational frequencies and to determine if these would 
provide specific indicator; of bearing failure. 

There appear to be three basic sources of noise in bearings: rotational motion, 
structural resonance, and acoustic emission phenomenon.  The rotational fre- 
quencies for these tests were all below y,000 cycles per second. The resonant 
frequencies spanned tne region froa about 10,000 cycles to 9O,0'0 cycles per 
second. The acouutlc emission phenomena, vhen present, create a tread band of 
frequencies coverins the entire spectrum. The so-called "burst' type cf 
acoustic emission will occur during the vork-hardenins processes associn^ed 
with fatigue. Tnis would occur in heavily loaded bearir.53 and, or bearing 
cpsrated at high speed. Since the so-called "acoustic emission phenomena" are 
classically associated with the formation of defects, such as cracks, flaking, 
etc., it should be quite valuable in the detection of incipient failures in 
bearings. See references (l) and (2). 

It appears that any one of the three basic sources of noise--c.r any combination-- 
can be utilized for the detection of incipient failure. However, the sounds of 
rotation would have to be detected and presented by some means other tiian the 
power spectral density (PSD) method utilized here. 

A study of the power spectral density plots for these tests revealed that the 
rotational frequency energy was negligible when compared to the enersy content 
of other frequencies. This appeared to be true for even the largest flaw in- 
jected into these test bearings. Although this seems contrary to intuition, it 
can be understood by considering the make-up of the "rotational frequencies" 
and the significance of the information presented in the power spectral density 
graphs. 

Tne "rotational frequencies" are periodic occurrences caused by some repetitive 
mechanical impact within the rotating machinery (e.g. the rolling elements of a 
bearing striking a flaw in the race). Sach impact is an inpulse function which 
contains a multiplicity of frequencies which are multiples of the pulse repe- 
tition frequency (see Appendix 5«l)> and it excites various system resonances 
at each occurrence. In effect then, these periodic impulses "gate" energy 
over a wide frequency range into the instrumentation system. On the power 
spectral density plot, this energy appears to be distributed over this wide fre- 
quency range, rather than concentrated at a discrete rotational frequency. 

Ihe occurrence of rotational frequencies might possibly be detected by a 
modulator-detector scheme, but this was not attempted for this ceries of tests. 
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I-'or a relatively sirple rechanisa,   this technique r.l--ht b« quite  eif^ctive, 
provide,! that these frequencies coulri he predetcr^ir.«d.     ''.^vever,   in :-.''re  z'"\- 
plex equipreats, the oour.ds  of rotation nf ct^er c T.pcr.ents ray very veil 
out the sounds cf rotation of the benrlv:3. nis the ca^e vith 

.11      A„r-"~ 

er.Tir.c 
If one desired  to detect incipient failure in the for-i o."  r3.ti._v;e,  it is doubt- 
ful that •".■.-.•> sc.'.nds Pl" rotation would cive «s early a varnir.j as  cchh- be - h- 
tair.ed frcn the acoustic esiisoior. phencr.ena.    Thus,   in aralyrhn ~  pr-vcr spectral 
density curves,   one  selects  a band  of frequencies which can be ccrrsLvtei t.-) a 
bearing defect and which are not overridden or cimoufTired by ncises freni other 
sources.    Tnus,  the r-ecj-.anical resonant frequencies nay be a valuable tool, 
since -.hey are cf r.uch higher frequency,  falling in ranqe of  1C kilocvcl-^s 
to ^O kilocycles. If the higher resonant frequencies are interfsre'1. ■d.th by 
other equlr-.ent noiöcs and, or resonances, then ^r.e could use tie aciustic eriiu- 
sion phenomena, which characteristically rives off a burst of energy coverir.;', j 
very bread frequency sp<ectru:r.. Tnus, it would be possible to detect the forra- 
tion of a crack, the £rowth and propagation of a crack, at frequencies far above 
ICC kilocycles. This would require, however, that hirher frequency ar.''/or wide 
band acoustic transducers be erplcyed. 

To unde--stand r.ore thoroughly the possible conditions under which each of the 
three phenoaenon mentioned above could be employed in incipient failure detec- 
tion,   the folloving subsections will define and exaaine the source of each 
phenomena insofar as possible: 

\»2    Rotational Frequencies 

The sounds of rotation of simple rotating1 equipments are characteristically low 
in frequency, the frequency being related to the configuration of  the rotating 
element and the R?M with which it rotates.    Thus, the sound of rotation of a 
shaft is equal to the HFM divided by 60; the sound of rotation cf a fan blade 
is equal to the nunber of blades on the fan raultiplied by Rr^' and diviried by oO; 
the sound of rotation of a centrifugal blower is equal to the HP!-' of the blower 
multiplied by the nunber of vanes and divided by 6o.    The sour/a  of rotation cf 
a bearing are a bit sore complex.    Because of the interaction between the bear- 
ing balls, the inner race and the outer rac^, and the differences in diameter 
between the inner race and the outer race, the calculation of rotational fre- 
quency is noire difficult.    For example, fron i^lrgrln.  "Ball and Roller bearing 
Engineering," Section 2U., the fiequency of rolling elements passing over a spot 
on a stationary cuter race la given by the formula: 

outer 

where 

D 

m 

n 

s f    (i - r cos «) 
2      r dm 

ball diameter 

pitch circle dianeter 

contact angle 

number of balls 

(?1) 
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f =    sneed of rotation in revolutions 
r per secor.a 

RF*' 

Tn»: frequency of rollir^  2ler.snts rassln^ over i sp^.t on f-.e r/'vinr; inns: 
1.3   -iven by the e'.orirsainn - 

f -    H     f       (]. + ~i   coo ^) 
inner p        r    ;        d 

r.icr? 

f.v^^ 

".ie rot-iticnal sreed of one ball about its own axis ir,  siven by the expression- 

•r   (0.5)   - (1 - —   cos of)    (1 - ~   cos ex) o. 
in m 

The frequency of a delect in one ball bearing «striklns the caje twice each 
revolution is equal to tvlce equation f.-3. 

"Tia :>otational frequencies ccxputed fron equations -jl,  ^2, and  -'3 for these 
bearings are: 

5.0-V) RFH 

Ball flaw striking case only 3^ 
Ball fliiw strikin.3 ca^e and races ö'h 
Ball striking outer race flaw 355 
Ball striking imier race flaw 562 

ir  o.^o   pp..« 

1363 
712 

112 U 

Examination of the appropriate power spectral density plots  shoved  that when a 
frequency spike is present at one of these rotational frequencies,   it is very 
tinor compared with other frequencies.    This is explained in Apper/lix >-• 

Also, it should be noted that, if a defect In a ball were lined up correctly, 
it would strike both the inner and outer races at the sa-xe frequencies aa the 
ball striking the ca^e twice. However, since the ball travsl.-j in a spiral as 
it rolls, the variations in these frequencies appear to be nodulated by the 
speed with which the ball splralfl. The effect can be readily noted when one 
listens to the translated higher frequencies of the bearing; r.ore so thin if 
one listens directly to the sounds of rotation. 

'Translation of these hi^h,  sometimes inaudible, frequencies  to the ranre i?u^role 
to hurana is accomplished by playing 'beck the taped data at a reduced spee1. 
In the case of these  tests, a speed reduction of lS:l was found to  ce excellent. 
In effect,  this process merely expands the tlaa scale of the reorded ever.', a 
sufficient anmmt to perrrdt the husiaa ear to follow the frequency excursions. 
Since the tine scale is the only change in this process, the interrelationships 
between the frequencies nakia3 up the data are unaffected. 

SHEET    Itl 

U S   4(02    14J4   H E V  .  »-«5 



,e ttass/vi; 
NUMBER 
REV   L'R 

•11 

< 
LJ 

< 
Z 

or 
o 

( 

It is evident from tbs above that ths frequencies  of rotation are  relatival/ 
la« art! veil vlthin the rar.^e of hearing of the hunan c^r.     Hovaver,  ether 
sov.nJ,3 produced by the speed cf rotation my not be within  tha ra^.je of th^ 
hvjm.n ear.    For exarple,   in the cane cf a fan,  the freq^sneies pro-Uce-J by th? 
bli. ^e cf  the fan striking air rclecules at hl-:h a^eed ir.d  nb.c rcs'il.tint colli- 
sion.! cf air molecules produce a hand cf frequencies above ani belrw 4j '<llo- 
cycle3o 

The frequencies of rotation could be a very important diagnostic tool in rela- 
tively si:.pie nechanisns,  wherein their occurrance increa  e<? the overall n:i.:e 
level apd-rsciably.    r.-.ey are highly effective in  lia^nosin.^ the e::iotance of 
defscts  which c vill result in failure and are particularly effective in ila^no* 
ir.2 failure itself.     There are,  however,  lliiitations.     '"hese liraitatior.3 .ire 
experienoud in core cnplex equipr.ent,   such an a  Jet entire,  vherein the rota- 
tion cf   the najcr eler.ents,   such as  the K-l and .'-2 rotor,   can produce ;IOUIJCü 
which are nuch greater in rarnituie than those produced by the bearinp and 
other snail accessories,   such as generators and ^ear boxes,  driven by the Jet 
engine.     If one were able  to rount a transducer directly on the bearing cr gear 
hcuslr.?,   this interference would not be so pronounced.     However,   if one is 
forced to ncunt the transducer on the outer case of the engine or en -n engine 
cowlir.3,   the sounds  of the bearing ri^ht very veil be cverri-lder;.     In aMition, 
within a complex ?y3tem auch as an airplane,  the sounds cf  the other enrjines 
an^l othsr accsssoriss provide  interference and further complicate  i~cntification 
of  the oa^lc rotational frequencies  of gr^vll components and  the effects upon a:* 
plitu-'.es at these frequencies by defects existing within tne coxponer.ts of 
interest«    Accordln^iy,  it. is  so^etir.as necessary and effective to utilise the 
resonant frequencies cf the components under ctservation. 

^•3    Pesonant Frequencies 

Resonant frequencies are a function of the rass configuration and type of 
material Involved.     They are usually initiated by the ahock excitation associa- 
ted with minor structural irregularities and/or defects. 

The arplitude cf acoustic energy at resonant frequencies is -.uch higher than 
the amplitude of the sound of rotation.    In addition,  resonant frequencies are 
usually nuch higher in frequency than those of rotating elenents.     The frequen- 
cies of resonance of ccaponents under cbser/ation do not vary with P."!.    Their 
arplitudes; however,  '-all vary directly with the P.?!',    Variations  in amnlituie 
due to the severity of a defect In a bad bearing may be as  hi^h as  1,000,000 
tlseo that of a new bearing. 

Tne advantages of using the high resonant frequencies over the rotational fre- 
quencies are two-fold:     (l) they do not vary with RPM and   ^2)  there ij less 
confusion with the rotational frequencies of other components.    This is partlcu- 
Inrly true with ball bearin^o.     In utilising this  technique of Incipient failure 
detection In bearings, it Is not specifically necessary to identi'.V all of tha 
reoorant frequencies of the syster. under test,    Simply ronitorlng the frequer.cy 
content of the data at several  speeds will disclose those  frequencies which '-re 
unaffected by speed, whereupon one can reasonably conclude   that the^e are t'ie 
resonant frequencies In question. 
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The theoretical detemiraticn of total system ''7r.ar.lc resp'T.se ch3r?.ct?rlötir3 
is  co-vplotely l;:rr,-\ctlcable In most  instances,  as it "•.as been for the relatively 
slrnle -"ichines '.:sei for t'rese  tests,     "ovever,   to acquire an order-of-r.?jnltui5 
approxl--.ition to so-e cf  the resorances expected  during theoe tests,  t'.e resn- 
rar.t frequencies of  the r.'i.'or eosn^nents rt the F'-50-:! "ccaring vere co.tiputeä. 
Tl-.c cc--putaT.ior.3 are 'letailei In Appendix ^,1      The frequencies  for these bear- 
ing elements £,re presented in the table beiov: 

Ball: f,     =    333 KC 

Mode, n: 

Outer Race 

Inner Pace 

3.S9 AC 

10.25 KG 

9.32 XC 

Uo.O    KC 

17.9 KC 

83.0  KC 

5 

23.9 KC 

11+2.3 xc 

o 

The regree to vhlch these frequencies will be changed by assembly vithtn a con- 
plete structure is unknown, but there is evidence that certain structures do 
not change these frequencies greatly but merely increase the danping. 

It.U    Acoustic 3iilt!8ion 

2.  H.  Sehofieli in the r>ictionary of Physics defines acoustic erlaaior pheno- 
mena as  follows : 

"Acoustic Mission la a seneric tern denoting the occurrence of de- 
forTe,tion induced sound pulces or elastic waves in netals.     This 
term includes those sounds that are usually audible,^^s well as 
those that are not (that is, ultrasonic frequencies,"^**)    The audi- 
ble sounds are nore coaaonly known as the phenomenon  'tin cry,' 
which is produced by the twirnlng deformation so common in the tetra- 
ßonal and hexagonal crj'Stallorraphic structures.    Two other processes 
which cay also produce audible  (and ultrasonic,     *) gO'.'.nda are: 
(l)  sudden re-orlentation of lar3e grains in a polycr^stalline 
naterial, and (2^ tb«* rartenslte transfomation associated with the 
heat treatment of steel.    The inaudible enisalon  (ultrasonic frequercy,"'"') 
Is  of greater import,  since it is ubiquitous in metals, being related 
to the nore efficacious deforration process, slip. * 

"Evidence of ecnustlc emission becomes apparent almost irredi-i Lcly 
upon utresnir:^ ciany netals,  particularly those that do rot exhibit 
a linear' response of the stress-strain curve.    In other metals, it 
appears at stress levels 1/3 to 1/2 the nominal er^ineerlng yield 
point.    Characteristically, all netals exhibit 1:WO distinct types of 
enission, referred to as burst typ« and high frequency type.     The 
relative activity of the two types varies with different retals and 
alloys, with pure zinc and pure aluminuai representing the extremes; 
sine being predo-jilnantly a burst typ« and. the aluminum almost en- 
tirely the high frequency type,* 

( 
* Clarifies».ticn and revised punctuation of these and the following quoted 

paragraphs provided by the editor. 
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"As observed on an oscilloscope screen, the burst type appears as an ex- 
ponentially decaying ring down pulse,  vith a periodicity of occurrence 
long relative to the pulse tine constant.    The hi;h frequency type is 
somewhat more subtle, and appears as an aaplitude rise of the general 
background noise level, vith occurrence periodicity of  the pulses compar- 
able to  their tlce constant.     In contrast to the burst type, vhich does 
not change amplitude significantly as deformation proceeds,   the high 
frequency rises to appreciable amplitude levels,  usually becoming maxi- 
nal Just prior to gross yielding and again prior.to final failure.     Of 
the two types, the high frequency Cultrasonic,  *■&•) is most interesting 
from the deformation mechanics view. 

"Significant characteristics of the acoustic emission are:     it is  irre- 
versible  (Kaiser Effect);  it is a volume, as opposed to a surface phe- 
nomenon;  the amplitude level  (high frequency type) is proportional to 
strain rate, the emission signal repetition rate ranges from a few hun- 
dred counts per second to 75/000 per second at normal loading rates, 
(and,  "*•) evidence Indicates a direct correlation between the number 
of fine slip lines and the number of acoustic pulses.     These acoustic 
pulses evidence the discontinuous nature of deformation on a micro-scale 
suggestive of the macro Fortevln-LeChatelier Effect and stepped stress- 
strain curve. 

"The Irreversibility characteristic is most unique and, aside from its 
physical Implications, offers the possibility of application as a tool 
with non-destructive potentialities.     Once the material is subjected to 
a given state of stress and deformation, during which considerable emission 
is generated, subsequent restressing up to the previous stress level will 
not induce emission.    Exceeding the previous stress level produces an 
abrupt reappearance of the emission at usual tensile loading rates.    This 
property is the most positive evidence of the intimate relationship be- 
tween emission and permanent deformation.    The appearance of the emission 
in aluminum, for example, at 1/3 the nominal yield strength demonstrates 
the existence of localized plastic deforaation.    Aging, heat treating, or 
otherwise restoring the material to the un-stressed state will, of course, 
restore the emission; the degree of restoration depending on the complete- 
ness of the treatment. 

"The fundamental mechanism giving rise to the inaudible emission has not 
been conclusively idenltified to date.    Present results indicate a source 
Intimately associated with the dynamic response of dislocation blocidng 
and unblocking." 

The burst type and high frequency type emission referred to above, in current 
practice, are known as burst type and continuous type.    Work done by D. L. 
Parry of the Phillips Petroleum Company in the detection of defects in large 
nuclear reactor pressure vessels indicates that burst type signals emanate 
from the growth of defects and/or flaws within the pressure vessel.    Ee states: 

"During our feasibility studies, two types of acoustic emissions have 
been characterized; the 'Burst'  signal, indicative of material flaw growth, 
and the low amplitude, so-called continuous emission, due primarily to 
stress-induced dislocation movement.    The 'Burst' signals allowed loca- 
tion of the flaw through triangulatlon techniques.    Tines of arrival of 
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the Initial,  hirt aarplitude   'Burat'   signal froo three  transducers  provide 
inforrr-ation for trian^ulation purposes.    The detection threshold for the 
'Burst'   type signal was 0,1 to 3C'- of norcal vessel operated stress and 
0.02i to 5' of the noainal naterial yield." 

Thus,   Parry concludes that, with proper detection,  signal conditioning,  and 
diagnostics,  acoustic signals  could be detected, recorded,  and analyzed to 
yield information rerardlng the presence of flavs in Large,  ccrr.plex,  reactor 
vessels under low stress conditions.    Parry anticipates that the continucus- 
eclssion,  enorgy-released signature of the pre-anneaied hydrostatic test will 
yield infoirtation on the degree of change in vessel ecbrittlement when com- 
pared with the post-annealed acoustic signature. 

In ball bearings, both of these types of acoustic emission have been observed. 
The characteristic "burst" type emission occurred when flaws were placed in 
the Inner race, the outer race, and on a ball.    The so-called continuous sig- 
nal has been observed in a dry bearing operated at 5000 to 1C,C0C PP.1 and in 
a bearing operated through a 30 degree arc at low speed, with the applica- 
tion of U50 degrees of heat in a vacuua,  under 20 pounds of stress.    In the 
latter bearing test setup, wherein one bearing was failed using only dry 
lubricant, a very high rate of acoustic eaission signals occurred during and 
prior to actual seizure of the bearing.    A great deal of wear occurred in this 
particular bearing due to oxidation of bearing surfaces and subsequent scaling 
of the oxidized layer.    A large number of  "burst" signals,  as many as  30,COO 
per nlnute, were observed during this wear process.    In the bearings tested 
in the Pope Spindle, operated at 5000 aai 10,000 RFM,  the "burst" type signals 
were attributed to growth of the aitli^.ciivlly placed flaw and to resonant 
ringing of the bearing coaponents. 

Acoustic emission monitoring was attempted as a sideline on a bearing fatigue 
test being run. The bearing was a front main bearing from a J-09 Jet engine. 
It was run at 3600 RPM under 3000 lbs. radial load until the first indication 
of fatigue failure was noted. Ihe piezoelectric transducer output was passed 
through a high-pass (20 KC) filter and into a Berkeley EPLa counter, which was 
set to count all bursts over 1.0 volt amplitude. .A plot, of the counts per unit 
time is shown in Figure 27 below. 

It will be noted in Figure 2? that a marked rise in counts per minute occurred 
approximately ^5 minutes before actual spalling of the bearing.    If this count 
history were adjusted to conform to the normal service life conditions,  it is 
felt that impending failure would have occurred sufficiently early to perrit 
preventive maintenance action. 
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5.0 DEFIIHTIONS 

A. Reliability (R) 

The probability that a syatea or portion of a system will perform its 
specified function(s) under specified conditions for the specified period 
of tice or nusber of cycles or trials, when installed,   tested/used,  rcain- 
tained, and logisticclly supported as specified. 

B. Failure 

The inability of a system or portion of a system to perform its speci- 
fied function(s) under specified conditions for the specified period of 
time or nuaber of cycles or trials, when installed, tested/used, main- 
tained, and logistlcally supported as specified. Ifuaber of failures is 
denoted by "f." 

C. Defect 

A non-conformance to specification/drawing which has not resulted in a 
failure. 

D. Wear 

Gradual, cumulative change to a physical or chemical characteristic of 
a device resulting from continued operation or use. (Not as a result 
of failure). 

E. Maintenance 

All the activities necessary to keep subsystems in, or restore ther, to, 
a satisfactory operating condition. Scheduled aaintenance is preplanned 
for accomplishment at given points or intervals. All other maintenance 
Is classed as unscheduled* 

F, Incipient Failure 
♦♦ 

An impending failure or an existing characteristic or defect which will 
lead to failure. 

Not a reliahility definition, "but Included herein for convenience. Ed. 
Ibis is a tentative definition, i.e., not formally accepted at this 
time. Ed« 

SHEET   1*7 

U 3   4801   1434   » t V ,  S-«5 



,t 0II&£Af& .^•^ F> * V4 ¥ 

NU.VEER   D2-113029-3 
REV   JR 

2 

a 
at 

a. 
o 

6.0   RETZREIJCZS 

1. Parry,  D.  L.,  "I'on-destructlve Flaw Detection,  Nuclear Power 
InatallÄtions," Fa-e 111,  I:icl?lent Failure l^-y-.^^z for Assuring 
Safetv and Av?.ilabilitv cf  :.'-.;cleir rO'.'er :'ln.nta.   Lnited States 

r ■ 

Atcsic i^ner^y Cc:rJ.siion,  Division of i'achnlcal Information,  Pub- 
lished January 1963. 

2. Stemllcht, Veno,   "Analysis,  Detection and Control of Fall'res In 
Mechanical Equipment,''  Pa^e 26\}  Inclrilent Failure liaTnosis for 
Assuring Cafetv and Availability of ..uclear rover rl?,..t3,   united 
States Atcaic iiiergy Cocaission,  Division of Technical Information, 
Published January 1963. 

3. Love,  A.  E. H., Treatise on The Mathei^atlcal Theory of Elasticity, 
Hew York,   N. Y.: Dover Pubilcaöions,  Inc., 19i+4.    Uages 20-4-200, 
»♦51-453). 

U.    Schofleld, B. H., Encyclopaedic Dictionary of Fnv'slcs,  Supplemen- 
tary Volume 1, (PgT 1, 2,  i 3),  Oxford,  London,  i-.'ew York,  Paris- 
Pergaaon Press, 1967« 

5.    Palzagrln, Arvid, Ball and Roller Bearing Engineering, Section 2h, 
Philadelphia, Perm: S. H. Burbaak & Co.,  1959« 

SHEET    US 

J U J   4802   t<J4   A t V . 8-65 



,F n&JFfJV£J ; o».i(»* "J v 

NUMBER  D2-113029-3 
REV   L'R 

a. 

a: 
O 

7.0    BIBLlOui^^PHY 

Crlmins,   ?.   P.,  Green, A. T.,  Develcrr.er.t cf a Nondestractive Testing 
Technique to Eetcr-ir.e "lav Criticali'^y,  Advanced iväsearcb Projects Agency, 
/J\JA Crder ..o.  lii-T,   Prc^rain Code Lumber 3D10. 

Dunegon,  H. and Harris, D.. Acoustic Ehilssicn-A rJsw Nor.destractive Testing 
Tool,  Lawrence Radiation laboratory.  University 01' California, Livemore, 
16 January 19ü3. 

Hutton,  Phillip H.,  Acoustic .Mission in Petals as an -ST Tool,  Pacific 
Northwest laboratories, Batteile Monorial Institute,  Ricniand, Washington, 
lb-19 October 1963, 

Kusenberger,  Felix N.,  Leonard, Byron E., Barton,   John R,, and Donaldson, 
W. Lyle,  rrondestractlve D-/aluation of .Metal Fati?.ie,  Southwest Research 
Institute,  opCO Culebra Road,  San Antonio,  Texas 7o206, I-arch 19o5. 

Parry, D.  L.,  Nondestructive Flaw Detection by Use of Acoustic Emission, 
Phillips Petroleua Company, AoC Research & Eevelopcent, Beactor Technology, 
TID 4500,  Vay I967. 

Randall, R. L., Application of Noise Analysis Techniques to Detection of 
Incipient Malfunctions, Atomics International,  Cancga Park,  Calia'cmia, 
30, 31 October and 1 ifoveaber 1967. 

Schofield, B. H., Acoustic Snlssion Under Cyclic Stress, Final Report, 
TR 796/P31,  (Lessells &Assoc.)* July 19ö4. """ 

Schofield, 3.  H.,"Acoustic Ehlsslon from Metals,  Its Detection, Oaracter- 
Istlcs and Sotirce," Proceedings of the Symposium on Physics and Nondestruc- 
tive Testing,  Southwest Research Inst.,  San Antonio, Texas, 19-03.     ~ 

Weiss, V., et al; Crack Initiation and Crack Propagation in Structural 
Metal Alloys, Final Report, SURI Ket-E-12o9-0666F (Syracuse Univ. Res. 
Inst.), June 1966. 

Ihe Early Detection of Fati^ue Dinare, North American Rockwell/Los Angeles 
Division, First Semiannual Report, 19b3 July 1 - 1969 February 28. 

SHEET   ^9 

U 3 4t02 1414 n r v . a-13 



&ä3&fAf£r : o M »■ * 'S v 

NUMBER 
REV   LTR 

-w ■113029-3 

z 
0 
-I < 

< 
Z 

o 

SECTION 8.0      APPETOICES 

SHEET     50 

U 3   4102   1434   R C V . •-«« I 



z 
o 
< 

z 

a. 

o 

..  £*£IJEJJV& 
NUA.\3ER  D2-11: 
REV   L

TR 

3.1    Rotational Frequencies 

The frequencies cf rolling elements passing over a spot on the inner and outer 
races, as given by equations  (1) and (2) in the text are: 

' outer 

inner 

3000 R?M 

356 C?S 

562 CPS 

10,000 RFM 

712 CPS 

IiaU CPS 

When the "spot" on one of the races is a flaw,  these frequencies are the puls,ä- 
repetition frequencies of a series of mechanical impacts, and is therefore a 
pulse train. 

For the purpose of detecting these rotational frequencies on a power spectral 
density plot, we must examine the pulse train to ascertain the frequency con- 
tent of such a function.    Ihis is accaaplished by a Fourier wave form analysis. 

The pulse train function is described in Figure A-l below - 

f(t) 

A   

T 
2 

-*.   t 
0    T        i 

P       2 

Figure A-l 

In Figure A-l, T is the period of the function, T Is the pulse width, and 
A Is the pulse amplitude. s 

The expreaslon for this function In one period Is: 

f(t) 

o. 

2 < * < 0 

0 < t < T 

T < t <i. (A-l) 

Ihe exponential form of a Fourier series expansion of a periodic function of 
period T is ^: 

f(t) 
Jntut 

n 

1.)    D. K,  Cheng, Analysis of Linear Systems, Reading, Mass. 
Publishing Co., May 19ol =-— 

(A-2) 

Addlson-Wesley 
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f(t)    e dt {A-3 

'.vTiere: 

J VT 
^    and 

the average value of the exponential fonn 
of f(t) in one period. 

Substituting the expression (A-l) for f(t) into VA-S11  sives 

n mr 
JnTT      f    sin rrr 

To (A-U) 

The frequency spectrum of the pulse train is obtained by plotting 
\2rx\ 

2 

2 

versus    rau    =» 

=    2A 
n" 

»in    rp (A-5) 

For n » o, equation (A-4) Is evaluated using 1'Hospital'3 rule and 

^O »    A    ^ (A-5) 

This is the equivalent DC component of the series. 
TP 

To evaluate the ratio "^    : 

The pulse width,    p,  is the time duration of   -he physical Impact; in this case, 
the tine during which a ball is impacting a j.iaw in one of  the races.    The 
period of impacts is,  of course,  T.    To evaluate *p, we assume the ball rolls 
down into the flaw and the impact commences when the bail strikes tne far edge 
of the impact.    If the flaw width is small relative to the ball diameter,  then 
the ball center is over the center of the flaw at this point - see Figure A-2. 
Assuming a perfectly plastic impact (i.e. no bounce),   the duration of the Im- 
pact is equal to the time required for the ball to roll up and over the far 
edge of the flaw. 

Again, relying on the assumption thai  the flaw width (W) is small compared to 
the ball diameter,  the horizontal ball velocity is essentially constant, and 
the impact duration equals the time required for the ball to travel * . 

T      _     W 
p    a   2 v 

where v is the ball velocity relative to the race.    Assuming that the slippage 
between the ball and race Is negligible, the velocity becomes 

Therefore, 

3   2-   rb    fb (A-7) 
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Figure A-2 

where r.   is the hall radius and fh is the ball rotational frequency given by 
equatioh (3) In the text. 

Thereforer 
w 

^ rbf b 
(A-8) 

The period (T) depends upon which race the flaw Is In.    For the inner race, 
the period is the reciprocal of equation (2) and, for the outer race,, it is 
the reciprocal of equation (l).    The ratio '-^T is Independent cf bearing 
RPM; these two ratios for inner and outer race flaws being: 

Inner Race; 

Outer Face: 

P/T 

?/T 

1.675 w 

1.06   w 

(A-9) 

(A-10) 

The width (W) of the largest flaw injected into bearings U, 6, and 7 was 
approximately 0.02 inches.    Using this as the typical width, and substituting 
this into equations A-9 and A-10, the ratios becoae: 

Inner Race; 

CXiter Race: 

lp,m     -   0.0335 *7T 

P/T 
0.0212 

Substituting these values It       the expression (A-5), and plotting these 
values versus n, yields the pulse train frequency spectrum shown in Figu: 
A-3 below. 
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Figure A-'3 shows that the fundamental frequency is the largest amplitude and 
even this is only a small fraction of the pulse train amplitude. In these 
series of tests, the amplitude of the pulses would be small la view of the 
small flaw width and the fact that the bearings were run unloaded. 

( 

If 
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8.2 Resonant I-'r^quencies 

The resonant frequencies of  the cajor coaponents of the S-20l;H bearing are 
"free-free" oscillations and would not necessarily be exhibited as calculated 
when the bearing is assembled into a structure and subjected to leading.    The 
variation fron the calculated frequencies cay be considerable,  depending upon 
the lubrication,  leading,  and overall fit of all ccrnponents within the bearing 
and the fit into the structural asseably.    The calculation of these frequencies 
is baaed on .M-50 Tool Steel material with a density of 0.283 lb/in* and a 
Young's modulus of elasticity of 30 x 10° FSI,    It was assumed that the cross- 
sectional area of the races were rectangular. 

The equations used are as follows: 

Ball: f (cps)    » 

Ring: Z (cps)    = 

r      V2p 

n (n2 - 1) V^ 
Where: r (ball) 

a (ring) 

E 

I 

2TT   a2 V^TT 

radius (ft) 

radius to neutral axis (ft) 

Young's modulus  (Lb/ft ) 

Moment of inertia of cross- 
sectional area about the neutral 
axis (ft^) 

(A) 

(#5) 

p (ball) » density (slugs/ft3) 

m (ring) ■ density (slugs per linear foot) 

n 

MATERIAL:  M-50 TOOL STEEL: 

P 

P 

0 

£ 

E 

« number of waves around circum- 
ference of ring 

■ 30.10 psl 

«   O.283 Lb/In3 

DD 

iff 

15.2 slugs/ft3 

30.10      ^   x    WJ 
in ft 

1^32    • 109 li/ft2 

in- slug 0.283 5 x 1728 ^ x _   ^ 

\\h lnc 
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JL 
-O.5512J 

O.loO 

* 

B.ALL CCMFJT<\7ICMS: 0.171 

7 E 
2p 

-1 

11.9   • io3 

r 

A a 

0/&22   a 

2 x 12          ^ 

Let i   V2/2p 

A « 0.92   • 106 

0.013 ft. 

DEFOBMATIOriAL FRSQ.USTTCIES: 

RADIAL MOTION MODES: 

fl ' ■   0.92A 0.8U MC 

f2    ' -   1.49A 1.36 MC 

f3   ' » 1.96A 1.79 MC 

fu • »   2.47A 2.26 MC 

f5   s •   2.97A 2.72 MC 

'6   ' •   3.93A 3.6U MC 

0.737^ 1.850U 

BaU Dia.     »    0.3125" 

Figure B-l 

Ball:    f 

Ball:    f 

r       V2p 

388 KC 

0.388 

1^ i'/ 

10    cps 
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T^ie ball deforcational resonant frequency,  calculated above as 3'--- -C,  is the 
lowest frequency fr>- Mhat is termed "spheroidal vibrations."    There are vi- 
brations of a lilatational type whereby the sphere dilates and contracts 
radially and sntar types in which there are twisting motions within the ball. 
It was felt that the spheroidal notions,  wherein the sphere was distorted to 
an ellip3oid. cf revolution, becoming altematsly prelate and oblate en a 
clcroscopic scale,   are most representative of the actual deflection of the 
ball within the bearing assembly.     The radial notion modes,  calculated above, 
are well above the range of the transducer employed.    It is our intention in 
future worl: to investigate the possible existence of these frequencies with 
higher frequency transducers and to determine the effect of defects on these 
frequencies.    Under certain conditions of interference,  the frequency band 
represented by these radial motion codes cay be important.    T;:e inner race 
and outer race computations are based upon calculations of ring frequencies 
taken from page \yl in reference  (3).    The equation employed for resonant 
frequency in cycles per second is as fol/laüajI 

2 
n (n   - 1) m 

Vhere; El 

2TT    a' 

Lb/ft' 

2 V^" 
(#5) 

+ 1 

m   «   slugs per linear foot 

a    =«   ring radius in ft 

I    ■   area monent of Inertia of race 
about neutral axis 

n   »   number of waves around ring 

n   -   2, 3, ^ 5  

For inner race: 

Neutral Axis 

a    »   O.5U7"    =»   0.0^28' 

--•Cross Section     I 
k—l ,       NA 

Ä- NA 
NA 

12 

1.1    x    10 

where 
0.0U61 

0.01^2' 

•8 
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NUMBER     rC-ll302v-3 
REV  L:R 

rj    « 

D     = 

30 . 106    ^    x    ]M    —0    =    1^.32 •  109 

inJ \ 
—^   =   U3<3 Lb/ft"3 

in 

-,      Lb .    in 
0.233    —ö   x    1723    —"? 

in3 ■f'ty 

.9    li, 
fr 

m ^rr   =   p.b.h.    =»   O.319   ft 

m 
slugs] 0.319 A ^^^       -  .. slugs 

r s .-y^ ■ 103) (11 ; 10-) a   r- 
V   m        Y 9.9    •    10"2 V 

10- 

£1 
m ̂    =    69.3 

1 n/E" 3.73   •   10 

i              n 
= 3 U 5 

1 

2TTV^ + I 
o.UaS 1.21 2.32 3.75 

1             f 
n 16.2 K ^5.7 K 37.7 K 1U2.0 K 

For outer race; 

Neutral Axis 

a    -   0.99"    »   0.083' 
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Cross Section 

.'lA 

b  

[  =. bhr; 
VA        12 

3 h 
c - 0.U91 • 10 ft 

where 

b  a C.0U61 

h - 0.13"=' 0.01C81 

E = U.32 • 109 Sk- 

m (Ud8)b » h slucrs 
32.2 a 0.00753 —fT 

Thus, 

"A/— = 53.1 

Therefore, 

VIT" 53-^ 

i-n/S - 0.77 x IO1
* 

a2 Y m 

n 2 3 h 5           1 

3.75 

28.9 K 

n (n2 - 1) 

SrrVn2 + I" 
O.U28 1.21 2.32 

D 
3.29 K 9.32 K 17.9 K 

These calculations indicate that a wide band of frequencies extend from a few 
kilocycles to U0 kilocycles and above. Including harmonics. As these fre- 
quencies are driven higher in amplitude, hidden harmonics should appear, ex- 
tending to and well above 100,000 cycles per second. Because of the inter- 
action between the cotaponents of a bearing, a defect in any one component 
would cause ringing in all components. Accordingly, there exists a direct 
relationship between amplitude of these frequencies and severity (size and 
depth) of the defect. Hence, it does not appear necessary to positively 
identify each resonant frequency, nor does it appear feasible at the present 
time. Nevertheless, this band of frequencies, directly related as it is to 
the severity of the defect, can be employed in incipient failure detection. 
This has been demonstrated by translating this band of frequencies back to 
the audible region and listening to the sounds of defects in a ball bearing. 
It has been further demonstrated that the peak spectral density G's corre- 
late directly to the severity of defects in bearings. 
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3,3 Raw Data 

This appendix contains the power spectral density plots nade for each indivi- 
dual test run. 

8.3.1 First Series 

Figures C-l through C-22 are the direct recording PSD's tnade for bearing 
numbers 1, 2,  3, and 5. 

8.3.2 Second Series 

Figures C-23 through C-1+0 are the direct recording PSD's for the second set 
of bearings, numbers 4, 6, and 7 in the several test conditions. 

8.3.3 FM Data 

Figures C-^l through C-58 are the PSD's made from the FM data recorded from 
the tests on bearings k, 6, and 7« 
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